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INTRODUCTION 24
Aliphatic hydrocarbons are favorable targets for advanced cellulosic biofuels, as they are already 25 predominant components of petroleum-based gasoline and diesel fuels and thus would be 26 compatible with existing engines and fuel distribution systems. Certain bacteria are promising 27 sources of the enzymes necessary for conversion of saccharification products such as glucose to 28 aliphatic hydrocarbons, as a number of strains capable of aliphatic hydrocarbon production have 29 been reported (13) . Although some of these reports have proven irreproducible and are in 30 question (e.g., (23) ), alkene biosynthesis was well documented in Sarcina lutea ATCC 533 (now 31 Kocuria rhizophila), which four decades ago was reported by two research groups to 32 biosynthesize iso-and anteiso-branched, long-chain (primarily C 25 to C 29 ) alkenes (2, 3, 22) . 33
The biosynthetic pathway was postulated to involve decarboxylation and condensation of fatty 34 acids, however the underlying biochemistry and genetics of alkene biosynthesis were not 35 elucidated. We chose to study alkene biosynthesis in Micrococcus luteus ATCC 4698 (also 36 NCTC 2665), a close relative of S. lutea for which a genome sequence is available (25) and in 37 which we have observed long-chain alkene biosynthesis. In this article, we provide in vivo and 38 in vitro evidence of proteins in M. luteus that catalyze production of long-chain alkenes (and a 39 key alkene biosynthesis intermediate, a long-chain monoketone) when expressed heterologously 40 in E. coli, and also report how expression of the three relevant genes relates to growth and alkene 41 production in wild-type M. luteus. 42 4
MATERIALS AND METHODS 43
Bacterial strains, plasmids, oligonucleotides, and reagents. Bacterial strains and 44 plasmids used in this study are listed in Table 1 . Plasmid extractions were carried out using the 45 QIAGEN (Valencia, CA) miniprep and midiprep kits. Oligonucleotides were designed using the 46 web-based PrimerBlast program (http://www.ncbi.nlm.nih.gov/tools/primer-47 blast/index.cgi?LINK_LOC=BlastHomeAd) and synthesized by Integrated DNA Technologies 48 (San Diego, CA) or Bioneer (Alameda, CA). M. luteus locus tags (e.g., Mlut_13230) used in 49 Table 1 and elsewhere in this article correspond to the whole-genome sequence available in the 50 GenBank/EMBL database under accession no. CP001628. 51
Media and bacterial growth. E. coli was propagated as previously described (18) , 52 whereas M. luteus was propagated at 30°C in tryptic soy broth or on tryptic soy agar plates. 53
For most M. luteus studies described here and for studies of heterologous gene expression 54 in E. coli DH1 strains, cells were grown in 15 ml of tryptic soy broth in a 30-ml glass tube with 55 200 rpm agitation at 30°C for up to 60 hours before being harvested for analysis. Cultures grown 56 for protein purification were cultivated with an autoinduction medium containing Luria-Bertia 57 broth, phosphate buffer, and carbon sources as described by Studier (20) . 58
When required, antibiotics were added to the growth medium at the following final 59 concentrations: chloramphenicol, 25 µg/ml; kanamycin, 50 µg/ml (100 µg/ml when 60 autoinduction medium was used). A final concentration of 0.5 mM IPTG was added to media 61 when induction of genes was required. 62
Plasmids and strain construction for heterologous expression in E. coli. To clone M. 63
luteus genes into expression plasmids, genomic DNA was first isolated using the Genomic-DNA 64 tips and Genomic DNA buffer set from QIAGEN and used as the template for PCR amplification 5 of the genes of interest. To reduce error rates in the DNA amplification reaction, Phusion DNA 66 polymerase (Finnzymes, Woburn, MA) was used. In addition, due to the high-GC (73%) DNA 67 content of M. luteus, 10% DMSO was included in the PCR reaction to eliminate any secondary 68 structure of the template. For templates that were more difficult to amplify, 1M betaine (final 69 concentration) was used instead of DMSO. All primers used to amplify target genes are listed in 70 Purification of N-terminally His-tagged Mlut_13230 protein for in vitro assays. E. 78 coli strain EGS220 (Table 1 ) was grown at 30°C in 200 ml of autoinduction medium for 20-24 79 hours before being harvested for protein purification. Cell lysis and protein purification were 80 carried out as described elsewhere (16) with a few modifications. Briefly, the harvested cell 81 pellet was resuspended in 50 mM Tris-Cl (pH 8.0) with 10% glycerol, 500 mM NaCl, 30 mM 82 imidazole, and 5 mM dithiothreitol (DTT). Cells were lysed by sonication followed by 3 freeze-83 thaw cycles at -80°C in the presence of 1 mg/ml lysozyme and 0.1% TritonX-100. Clarified cell 84 lysates were incubated with Ni-NTA resin at 4°C for 1 hour with gentle rocking before being 85 applied to a gravity flow column. The column was washed with 50 mM Tris-Cl (pH 7.9) 86 containing 10% glycerol, 500 mM NaCl, 30 mM imidazole, and 5 mM DTT, and proteins were 87 eluted with the same buffer except that the imidazole concentration was increased to 200 mM. 88 6 Eluted proteins were concentrated and exchanged with 100 mM potassium phosphate buffer (pH 89 7.0) with 25 mM NaCl using Amicon Centrifugal Devices (Millipore). Purified proteins were run 90 on an 8-16% gradient SDS-PAGE gel, stained with Coomassie Blue dye, and observed to 91 contain a major band at ~40 kDa. This band was excised, an in-gel trypsin digest was 92 performed, and the digested peptides were analyzed by electrospray ionization LC/MS/MS 93 (QSTAR Elite Hybrid Quadrupole TOF, Applied Biosystems) to confirm that the 40-kDa protein 94 band corresponded to the Mlut_13230 protein. In-solution trypsin digests carried out on purified 95
OleA samples determined that OleA constituted at least 70-75% of the protein based upon 96 calculations using the exponentially modified Protein Abundance Index (emPAI) method (10). 97
In vitro assays with purified Mlut_13230. Assays (500 µl total volume) were 98 Assay vials were gently shaken for 1.5 hours at 30°C. After incubation, assays were extracted 109 with high-purity hexane (OmniSolv; EMD Chemicals) that was amended with two internal 110 standards: decane-d 22 and tetracosane-d 50 (each at a final concentration of 40 ng/µl for gas 7 chromatography/mass spectrometry (GC/MS) analysis). 1 ml hexane was added to the assay 112 solution, mixed well, allowed to sit for 30 min, and the vials were centrifuged at 2000 rpm for 10 113 min (20 o C) in an Allegra 25R centrifuge with an A14 rotor (Beckman Coulter). The extraction 114 step was repeated, the two 1-mL aliquots of hexane were combined, and the extracts were 115 derivatized with ethereal diazomethane (5, 6) with high-purity diethyl ether (>99.8% purity, 116 preserved with 2% ethanol, Fluka) and concentrated under a gentle stream of ultra high-purity N 2 117 to 50 µl for analysis by GC/MS. Throughout the entire procedure, the hexane contacted only 118 glass or PTFE. 119 Synthesis of cDNA for RT-qPCR analysis was carried out using 2 µg of total RNA 162 primed with 10 µg of random hexamers and reverse transcribed using SuperScript III enzyme 163 (Invitrogen, Carlsbad, CA). The reverse transcription reaction was carried out for 2 hours at 164 50°C before the RNA was hydrolyzed with 2 U of RNaseH (Invitrogen) at 37°C for 30 min. 165 qPCR analyses were then conducted with an Applied Biosystems StepOne system using 2 µl of 166 the reverse transcription reaction and gene-specific primers ( Table 2) , and the PerfeCTa SYBR 167
Extraction of long-chain aliphatic hydrocarbons and related metabolites from
Green FastMix (Quanta Biosciences). Quantitative PCR cycle parameters were as follows: initial 168 denaturation at 95°C for 10 min, followed by 40 cycles of 15 s denaturation at 95°C and 1 min 169 annealing and extension at 60°C. Fluorescence measurements were taken between each cycle. At 170 the conclusion of the qPCR cycle, melting curve analysis was conducted by denaturing the PCR 171 products from 60°C to 95°C and making fluorescence measurements at 0.3°C increments. All 172 reactions were performed in duplicate. Transcripts were quantified with reference to a standard 173 curve generated by serial dilution of pEG142 (from 10 5 to 10 10 copies/reaction). 174 Table 1 ) and analyzed the metabolites by GC/MS. Comparison of total 217 ion chromatograms (TIC) from extracts of strains EGS210 and EGS212 with those of a negative 218 control (empty vector; strain EGS084; Table 1 ) did not reveal any new peaks resulting from the 219 presence of Mlut_09290 or Mlut_09310 (data not shown). However, the TIC representing strain 220 EGS180 did reveal some noteworthy peaks relative to the negative control (peaks labeled 27:2, 221 27:1, 29:2, and 29:1 in Fig. 2A ; these labels represent X:Y, where X = carbon number and Y = 222 number of C=C bonds). The 27:2 peak was particularly prominent. The TIC in Fig. 2A  223 represents an extract derivatized with diazomethane. The extracts were derivatized to reduce 224 baseline noise by converting abundant and strongly tailing free fatty acids to fatty acid methyl 225 esters, which were well resolved chromatographically and had minimal tailing. The labeled 226 peaks in Fig. 2A were also present in the TIC of underivatized samples but were less prominent 227 (e.g., Fig. 2B) ; thus, derivatization did not create these compounds but merely enhanced their 228 detectability. Mass spectra of these peaks (e.g., Fig. 3A hypothesized pathway of alkene biosynthesis from C 14 and C 16 fatty acids (see Discussion), we 237 further pursued the possible role of Mlut_13230 in alkene biosynthesis. We constructed a 238 plasmid containing the native three-gene cluster that includes Mlut_13230 (i.e., Mlut_13230-239 13250) and expressed it in a fatty acid-overproducing E. coli strain (strain EGS145; Table 1 ). 240 GC/MS analysis of the extract from strain EGS145 revealed peaks in the TIC that were not 241 present in strain EGS180 (with Mlut_13230 alone) or in the negative control (strain EGS084) 242 ( Fig. 2B ). Mass spectra of these peaks (e.g., Fig. 3B ) were consistent with di-and tri-unsaturated 243 However, for the most abundant ions in these spectra (dominated by a series of ions differing by 247 14 amu, or CH 2 groups), fragmentation patterns were consistent with National Institute of 248
RESULTS 175

Identification of condensing enzymes as potential candidates for a key alkene
Standards and Technology library spectra of shorter alkenes for which standards are available; 249 13 for example, the best library match for the spectrum of the peak labeled 27:3 was a shorter tri-250 unsaturated alkene (22:3). Furthermore, GC-EI-TOF analyses confirmed the elemental 251 compositions just described. For the 27:3, 27:2, and 29:3 alkenes, measured masses agreed with 252 the calculated masses within 0.3 mDa absolute error and 0.8 ppm relative error (for the 29:2 253 alkene, these errors were 1.0 mDa and 2.5 ppm, respectively). The total concentration of the 254 four alkenes was on the order of 0.5 mg/l (a 14:1 alkene standard was used for this estimate, as 255 authentic standards were not commercially available). 256
In Fig. 2B , there are two peaks in the EGS180 extract (Mlut_13230 only) that co-elute 257 with the peaks labeled 29:3 and 29:2 in the EGS145 extract (Mlut_13230-13250). The two co-258 eluting peaks for strain EGS180 are not alkenes. This is demonstrated in the two insets in Fig.  259 2B, in which extracted ion chromatograms characteristic of the 29:3 and 29:2 alkenes (molecular 260 ions at m/z 402 and 404, respectively) clearly show that these alkenes are present in the extract 261 from strain EGS145 but are not detectable in the extract of strain EGS180 (or the negative 262 control, strain EGS084). 263
To provide more information on the possible roles of the three M. luteus genes that, in 264 combination, enable alkene biosynthesis in E. coli, we constructed more strains that 265 heterologously expressed either Mlut_13240 or Mlut_13250. As summarized in Table 3 , 266 heterologous expression of Mlut_13240 or Mlut_13250 alone did not result in formation of the 267 long-chain monoketones or alkenes observed with Mlut_13230 and Mlut_13230-13250. 268
In vitro studies with the purified Mlut_13230 protein. To confirm that long-chain, 269 unsaturated monoketones observed during in vivo studies ( Fig. 2A, 3A) derive from fatty acid 270 condensation and that Mlut_13230 catalyzes this reaction, we conducted in vitro studies with N-271 terminally His 6 -tagged Mlut_13230 protein (Table 1) resulted in the formation of the same 27:2 monoketone that was prominent during in vivo studies 280 of strain EGS180 ( Fig. 2A, 4 ). Negative control assays conducted without Mlut_13230 protein 281 or without DH1 lysate did not result in clearly detectable 27:2 monoketone (Fig. 4) . These 282 results indicate that acyl-CoAs (or their derivatives) are the source of the long-chain 283 monoketones observed in vivo and that the Mlut_13230 protein is responsible for long-chain 284 monoketone production. 285
To attain the necessary sensitivity for long-chain monoketone detection during in vitro 286 assays, mass spectral data were acquired in the SIM mode employing prominent and 287 characteristic ions for the 27:2 monoketone (m/z 291; Fig. 3A ) and the 27:1 monoketone (m/z 288 293; Fig. 3A ). Evidence supporting that the 27:2 monoketone peak observed in the in vivo 289 studies was the same compound observed in the in vitro studies includes identical GC retention 290 times and agreement of full-scan mass spectral patterns (albeit of lower quality for the in vitro 291 studies because of lower concentration). The use of SIM for in vitro studies leaves open the 292 possibility that additional metabolites were formed but not detected. 293
Long-chain alkene production and transcription of Mlut_13230-13250 in M. luteus. 294
Our initial studies of M. luteus ATCC 4698 confirmed that it produced long-chain alkenes, which Alkene 2 appears to be more anteiso-substituted than alkene 1, based upon experiments 303 in which isoleucine was added to the growth medium. In bacteria like M. luteus that synthesize 304 iso-and anteiso-branched fatty acids, isoleucine is a precursor for α-keto-β-methylvalerate, 305 which in turn serves as a primer for anteiso-branched fatty acids (11, 15) . When the TSB 306 medium was amended with isoleucine (2 mM initially and 4 mM in early stationary phase), the 307 alkene 1 concentration at 48 hr was comparable to that of an unamended control (within 15%), 308
whereas the alkene 2 concentration was more than 3-fold higher than in the unamended control. 309
Thus, it seems likely that alkene 2 is anteiso-substituted at both ends (i.e., it is the product of 310 condensation of two anteiso-substituted fatty acids). 311
Examination of alkene 1 and 2 production throughout growth revealed that concentration 312 trends generally corresponded to growth (OD 600 ) and that the alkene 2:alkene 1 ratio increased 313 considerably from late exponential phase (15 hr) through early stationary phase (24 hr to 48 hr) 314 ( Fig. 5A ). In Fig. 5A , OD 600 and alkene 1 and 2 concentrations are normalized to their 315 maximum values, and the insets (chromatograms showing alkenes 1 and 2 at 15, 24, and 48 hr) 316 are all shown with the same y-axis scale. The apparent decrease in alkene 1 and 2 concentrations 317 between 24 and 48 hr is likely a result of reduced extraction efficiency at the higher cell density 318 16 at 48 hr (OD 600 ~ 6.1) compared to 24 hr (OD 600 ~ 2.4), rather than the result of alkene 319 degradation, as genes associated with alkane degradation were not found in the genome. Such 320 decreases in C 29 alkene concentration in post-exponential phase have been observed in the 321 related Arthrobacter chlorophenolicus A6 (7) . 322
Expression of the 3-gene cluster associated with alkene production (Mlut_13230-13250) 323 generally corresponded to growth (Fig. 5B) , as did C 29 alkene production. Transcript copy 324 number for Mlut_13230, 13240, and 13250 as determined by RT-qPCR analysis is normalized to 325 the maximum observed value for each gene in Fig. 5B . Expression of these three genes does not 326 appear to vary much through the period of maximum alkene production and into stationary 327 phase. Based upon similar expression profiles for these three genes and predictions using a 328 method described by Price and co-workers (17) , it appears that Mlut_13230-13250 constitutes an 329 operon. 330
DISCUSSION 331
We have shown that heterologous expression of three genes from M. luteus (Mlut_13230-13250 We propose a pathway for alkene biosynthesis from fatty acyl-CoAs (or -ACPs) that is 354 based largely on enzyme activities homologous to those essential for fatty acid biosynthesis (Fig.  355   6 ). For brevity throughout the following discussion, we discuss CoA thioesters with the 356 acknowledgment that ACP thioesters may actually be involved. We hypothesize that the first 357 key step in alkene biosynthesis involves not two fatty acyl-CoAs as substrates but rather a fatty 358 acyl-CoA and a β-ketoacyl-CoA. Thus, as suggested in Fig. 6 , a fatty acyl-CoA could be 359 converted to a β-ketoacyl-CoA by early steps of β-oxidation (e.g., via an acyl-CoA 360 dehydrogenase, an enoyl-CoA hydratase, and a 3-hydroxyacyl-CoA dehydrogenase). The first 361 step of alkene biosynthesis in M. luteus (and other bacteria), catalyzed by OleA (e.g., 362
Mlut_13230), could be decarboxylation of the β-ketoacyl-CoA and nucleophilic attack by the 363 resulting carbanion on an acyl-CoA to form an aliphatic diketone (Fig. 6 ). Such decarboxylative 364 18 Claisen condensation would be consistent with the homology (Fig. 1C ) of Mlut_13230 to FabH 365 (β-ketoacyl-ACP synthase III), which catalyzes decarboxylation of malonyl-ACP and its 366 condensation to acetyl-CoA. In fact, the FabH active-site Cys-His-Asn residues conserved in the 367 Mlut_13230 sequence (Fig. 1C ) specifically suggest catalysis of decarboxylation by OleA; based 368 upon structural studies of FabH in E. coli and Mycobacterium tuberculosis, the conserved Cys 369 residue has been associated with binding of the acyl intermediate and the conserved His-Asn 370 residues are associated with decarboxylation (9, 24) . Following formation of the aliphatic 371 diketone by OleA, alkene biosynthesis could follow a series of reductase and dehydratase 372 reactions ( Fig. 6 ) homologous to those catalyzed by β-ketoacyl-ACP reductases (e.g., FabG), β-373 hydroxyacyl-ACP dehydratases (e.g., FabZ), and enoyl-ACP reductases (e.g., FabI). In addition 374 to carbon chain length, a key characteristic that distinguishes most intermediates in the proposed 375 alkene biosynthesis pathway from those in the fatty acid biosynthesis pathway is the absence of 376 an ACP thioester (for intermediates following condensation). 377
The data presented here are consistent with, but do not prove, the pathway proposed in 378 Fig. 6 . In vitro studies with the purified Mlut_13230 protein (OleA), tetradecanoyl-CoA, and 379 wild-type E. coli DH1 lysate produced an unsaturated C 27 monoketone, which would be 380 consistent with the proposed pathway starting with two C 14 thioesters (e.g., decarboxylation and 381 condensation would yield a C 27 compound). The need to form a β-ketoacyl-CoA as a substrate 382 for OleA could explain why in vitro controls without cell lysate yielded negligible product (Fig.  383 4) --the relevant β-oxidation genes needed to be supplied by the lysate. The cell lysate may 384 also explain why the monoketone was observed rather than the diketone (i.e., FabG and FabZ 385 present in the lysate may have been able to act on the diketone and β-hydroxyketone). In vivo 386 studies of heterologous expression of oleA (Mlut_13230) in a fatty-acid overproducing strain of 387 tetradecanoyl-CoA, and crude lysate from wild-type E. coli DH1 (red); controls without DH1 lysate (blue); and controls without Mlut_13230 protein (black). The peak has the same retention time as the 27:2 monoketone observed during in vivo studies with Mlut_13230 ( Fig. 2A) , and m/z 291 is characteristic of that compound (Fig. 3A) . shown as CoA thioesters may in fact be ACP thioesters. The unsaturated monoketones observed in this study (Fig. 2, 3, 4 ) correspond to the metabolite following the first dehydratase reaction.
In M. luteus, the starting compounds are likely iso-and anteiso-branched C 15 fatty acids and the predominant products are iso-and anteiso-branched C 29 monoalkenes.
